Cilia on dendritic endings of sensory neurons organize distinct types of sensory machinery [1] . Ciliated endings display neuron-type-specific patterns of membrane elaborations [1] [2] [3] , but it is not well understood how such neuron-type-specific morphologies are generated and whether they are coupled to the specification of other identity aspects of a terminally differentiated sensory neuron. In the course of a genome-wide analysis of members of a small family of immunoglobulin domain proteins, we found that OIG-8, a previously uncharacterized transmembrane protein with a single immunoglobulin (Ig) domain, instructs the distinct, neuron-typespecific elaboration of ciliated endings of different olfactory neuron types in the nematode C. elegans. OIG-8 protein localizes to ciliated endings of these sensory neurons, and is transcribed at different levels in distinct olfactory neuron types. oig-8 expression levels correlate with the extent of sensory cilia growth and branching patterns. Loss of oig-8 leads to a reduction in the branching patterns of cilia, whereas raising the levels of oig-8 results in an increase in elaborations. Levels of OIG-8 expression are controlled by the specific combination of a terminal selector type of transcription factors that also specify other identity features of distinct olfactory neuron types.
In Brief
Howell and Hobert identify a transmembrane protein involved in determining the neuron-type-specific morphology of ciliated sensory endings of C. elegans olfactory neurons. This protein is expressed at different levels in different olfactory neurons and its dosage determines the extent of cilia elaborations in these distinct neuron types.
SUMMARY
Cilia on dendritic endings of sensory neurons organize distinct types of sensory machinery [1] . Ciliated endings display neuron-type-specific patterns of membrane elaborations [1] [2] [3] , but it is not well understood how such neuron-type-specific morphologies are generated and whether they are coupled to the specification of other identity aspects of a terminally differentiated sensory neuron. In the course of a genome-wide analysis of members of a small family of immunoglobulin domain proteins, we found that OIG-8, a previously uncharacterized transmembrane protein with a single immunoglobulin (Ig) domain, instructs the distinct, neuron-typespecific elaboration of ciliated endings of different olfactory neuron types in the nematode C. elegans. OIG-8 protein localizes to ciliated endings of these sensory neurons, and is transcribed at different levels in distinct olfactory neuron types. oig-8 expression levels correlate with the extent of sensory cilia growth and branching patterns. Loss of oig-8 leads to a reduction in the branching patterns of cilia, whereas raising the levels of oig-8 results in an increase in elaborations. Levels of OIG-8 expression are controlled by the specific combination of a terminal selector type of transcription factors that also specify other identity features of distinct olfactory neuron types.
RESULTS AND DISCUSSION
Animal genomes contain large repertoires of small cell-surface immunoglobulin domain proteins with intriguing roles in nervous system development and maintenance [4, 5] . Many of these genes are expanded in a phylum-specific manner. For example, the Drosophila genome encodes two expanded families of small Ig domain proteins, the Dprs and DIPs, involved in controlling synaptic connectivity [6, 7] . In the nematode C. elegans, small Ig domain proteins of the ZIG and OIG family have diverse functions in the nervous system. Some members of the ZIG family of two Ig domain proteins are involved in maintaining axon position in the ventral nerve cord [8, 9] , whereas another ZIG protein maintains synapse density [10] . Two members of the one Igdomain (OIG) family of proteins are involved in synaptic organization [11, 12] . To shed more light on the function of oig genes, we undertook an expression pattern analysis of all previously uncharacterized oig genes using fosmid-based reporter transgenes ( Figure S1 ). Apart from several muscle-expressed oig genes ( Figure S1 ), we found one oig gene, oig-8, to be expressed in a small set of sensory neurons ( Figure 1 ). oig-8 encodes a transmembrane protein with a single Ig domain (Figure 1A) . A fosmid-based reporter gene construct that contains eight genes up-and downstream of the oig-8 locus and in which a gfp coding sequence is fused at the 5 0 end of oig-8 right after its signal sequence (''GFP::OIG-8''; Figure 1A ) is exclusively expressed in the olfactory amphid wing (AW)-type sensory neurons AWA, AWB, and AWC, the thermosensory amphid finger neurons (AFD), the gas-sensing BAG neurons, and the harsh touch sensory neurons FLP and PVD ( Figure 1B) .
Within the respective sensory neurons, the GFP::OIG-8 fusion protein shows a striking pattern of subcellular localization. Whereas GFP::OIG-8 appears to distribute evenly across all axonal and dendritic membranes of the multidendritic PVD neuron in the midbody of the worm, it is concentrated in the ciliated ending of amphid sensory neurons in the head ( Figures  1B and 1C) . Fusing GFP to the C terminus of OIG-8, past the predicted transmembrane domain, completely disrupts the localization to cilia; the protein instead gets trapped in the cell body ( Figure 1B) . Because the close proximity of the ciliated endings of the oig-8-expressing neurons obscures the GFP::OIG-8 signals from individual amphid sensory neurons, we visualized OIG-8 localization by expressing GFP::OIG-8 exclusively in single amphid neurons with heterologous promoters. We find that the single-neuron-expressed GFP::OIG-8 protein is almost exclusively localized to the ciliated, branched endings of each of the amphid wing neurons ( Figure 1D ; some apparent transport intermediates are also observed in the soma). For the rest of this paper, we focus on the olfactory amphid wing neurons because they have different and unique cilia morphologies, characterized by additional cilia membrane, compared to the more usual rod-like channel cilia of other sensory neuron types [2, 3] . Moreover, the olfactory amphid wing neurons offer the opportunity to study how neurons that are morphologically and functionally related [13] are genetically programmed to diversify specific morphological and functional features. The striking localization pattern of OIG-8 protein prompted us to examine a potential function for oig-8 in the membrane elaboration of the amphid wing neuron cilia. To this end, we first generated an oig-8 null allele using CRISPR/Cas9-mediated genome engineering (see STAR Methods). This allele, ot818, deletes most of the gene, including the immunoglobulin-encoding part of the gene ( Figure 1A) . oig-8(ot818) animals are viable and fertile. All normally oig-8-expressing neurons are generated, adopt the correct identity as assessed by molecular marker expression, and display a wild-type cell body position and wild-type axo-dendritic projection patterns (Figures 2A-2C) . However, the ciliated sensory endings of the amphid wing neurons of oig-8(ot818) mutant animals display striking, highly penetrant defects (Figures 2A-2C) . Specifically, AWA cilia in oig-8 animals lack the tree-like branches exhibited in wildtype animals [2, 3] and, in some cases, display only a hooklike structure ( Figure 2B ). AWB neurons normally generate two separate cilia, which are unbranched but display a neurontype-specific growth and flattening of membrane [2, 3] ; this membrane growth is abolished in oig-8 mutant animals (Figure 2C ). The AWC neurons normally generate large membranous wing-like-shaped cilia [2, 3] , which fail to grow and elaborate in oig-8 mutants (Figure 2A) . Moreover, the large expansion of the AWC sensory cilia normally observed upon entry into the dauer diapause arrest stage [14] does not occur in oig-8 mutant animals ( Figure 2D ). The amphid glial cells that ensheath the amphid wing neurons display no discernable morphological defects in oig-8 mutant animals ( Figure 2D ). The phenotypes of oig-8(ot818) mutant animals are recapitulated by a second oig-8 allele, gk867223 ( Figures S2A and S2B) , made available by the Million Mutation Project [15] . Moreover, the cilia defects are independent of the fluorescent reporter construct used to visualize cilia morphology because different transgenic marker strains show similar defects ( Figure S2C ). The cilia defects of oig-8 mutants are already apparent at early larval stages, indicating initial specification rather than maintenance defects (Figures S2D and S2E) .
Upon seeking to rescue the cilia branching defects of oig-8 mutants, we noted a striking dosage phenomenon. Expression of oig-8 from multi-copy, extrachromosomal arrays not only failed to rescue the loss of elaboration of growth and branching of the three amphid wing neurons but, to the contrary, increased the cilia elaborations of the amphid neurons (Figure 3 ; Table S1 ). Specifically, we find that transgenic animals expressing either multiple copies of an 40 kb genomic fragment that contains the oig-8 locus plus several adjacent genes or expressing multiple copies of an 2.7 kb genomic fragment that contains exclusively the oig-8 locus show increased branching of the AWC neuron in an otherwise wild-type background (Table S1 ). Similarly, multiple transgenic lines that express oig-8 under the control of either an AWB-or an AWC-specific driver also display ectopic cilia branches in AWB and AWC, respectively ( Figures 3A and 3B ). These ectopic branch effects are cell autonomous, i.e., can only be found in the cilia of neurons that overexpress oig-8, but not in the directly adjacent cilia of other wing neurons ( Figures  3A and 3B ). Further support of dosage sensitivity was provided by the observation that injection of higher levels of AWB prom ::oig-8 induces more ectopic branches than injection of lower levels of AWB prom ::oig-8 (Table S1 ). Moreover, raising the levels of oig-8 in BAG neurons, which normally express oig-8, also induced cilia branches in these neurons ( Figure 3C ; these neurons normally display very small cilia elaborations that are not readily visible on the light microscopical level [3] ). Rescue of the oig-8 mutant cilia phenotype (without observing ectopic cilia growth) was observed only if oig-8 was expressed under the control of its own promoter from a single-copy, MiniMos-mediated insertion into the genome ( Figure S3A ). Similarly, rescue with cell-type-specific drivers was only observed using a single-copy MiniMos insertion into the genome ( Figures S3A and S3B ). These experiments not only demonstrate dosage sensitivity of oig-8 function but also the cellular autonomy of oig-8 action.
The specificity of the branching defects observed by oig-8 overexpression is demonstrated by removal of the transmembrane domain of OIG-8. Expression of this mutated form of OIG-8 abolished the ability of the protein to induce ectopic ciliated branches ( Figures 3A and 3B ). This experiment not only represents a control for the sequence specificity of OIG-8 activity but also explicitly demonstrates the importance of membrane anchorage for OIG-8 function.
We took the question of sufficiency of oig-8 for cilia branching one step further, asking whether ciliated neurons that display no membrane elaborations of their ciliated endings and normally do not express oig-8 can be induced to elaborate their cilia upon ectopic misexpression of oig-8. Within the context of another sensory neuron that is also part of the amphid, ASE, we observed that oig-8 is indeed able to induce extra branching ( Figure 3D ). Strikingly, oig-8 can also induce cilia branching in ciliated sensory neurons that are not part of the amphid sensillum, the IL2 neurons ( Figure 3E ). Because these neurons are not normally in contact with structures that are contacted by the amphid sensory neurons, we take this observation as further evidence for the cell autonomy of oig-8 function.
Taken together, our loss-and gain-of-function studies have revealed an unprecedented potency of a single protein to control the extent of membrane growth and elaboration of specific sensory neuron cilia types. However, if OIG-8 is indeed sufficient to control the extent of membrane growth and elaboration of ciliated endings, why do the three amphid wing neurons AWA, AWB, and AWC that all express OIG-8 ( Figure 1 ) display distinct extents and types of membrane elaboration? In analogy to the dendritic patterning of Drosophila sensory neurons, whose levels of elaboration require distinct levels of the Cut homeodomain transcription factor [16] , one attractive hypothesis would be different expression levels of oig-8 in AWA, AWB, and AWC. We indeed found that oig-8 levels are distinct in the three distinct amphid wing neurons and that this regulation is mediated on the transcriptional level. Using single-molecule fluorescence in situ hybridization (smFISH), we observe striking differences in expression levels between the three amphid wing neurons AWA, AWB, and AWC, and these differences precisely mirror the extent of growth and membrane elaborations: AWA > AWC > AWB ( Figure 4A ). The functional relevance of these differential expression levels was implicitly tested by the experiments that we describe above in the context of our attempted rescue experiments: raising levels of oig-8 in AWB or AWC drives the types of elaboration to that seen in the sensory neuron with the highest oig-8 level (AWA), namely the branching of cilia (Figure 3 ), whereas lowering oig-8 levels results in decreases of branching patterns (Figure 2 ).
How are the differential levels of oig-8 expression specified? We find that the RFX-type transcription factor DAF-19, which controls generic, non-neuron-type-specific cilia features [17] , has no impact on oig-8 expression (data not shown). We therefore examined whether oig-8 expression is rather controlled by neuron-type-specific terminal selector transcription factors that control multiple identity features of the respective neuron type. sox-2/Sox2 cooperates with ceh-36/Otx to control neurotransmitter identity and other molecular identity features of AWC [18, 19] and with lim-4/Lhx4 to specify molecular features of AWB identity [19, 20] . The odr-7 orphan nuclear receptor controls olfactory receptor expression in AWA [21] . To ask whether these factors also control oig-8 transcription, we examined oig-8 mRNA levels in each neuron type using smFISH and/or our available fosmid reporter. We find that in odr-7 mutants the levels of oig-8 in AWA are reduced ( Figure 4A ) and, consequently, AWA cilia are less elaborate and contain fewer branches ( Figure 4B ). In animals lacking the sox-2 terminal selector of AWB and AWC identity, oig-8 levels are also strongly reduced (Figure 4C) . In a hypomorphic missense allele of sox-2, ky707, AWB is transformed to an AWC identity due to the inability of SOX-2(ky707) protein to interact with its cofactor for AWB specification LIM-4/Lhx4, hence allowing SOX-2 to interact with CEH-36/Otx [19] . In sox-2(ky707) animals, the cilia of transformed AWB neurons are thickened and appear more AWC like [19] , and this morphological transformation is accompanied by an increase in the levels of oig-8 mRNA ( Figure 4A ). Similarly, in lim-4/Lhx null mutant animals, which display a transformation of AWB sensory cilia structure to the more elaborated AWC cilia structure [20] , the levels of oig-8 in AWB are elevated ( Figure 4A ). We conclude that oig-8 levels are specified by the resident complement of terminal selectors in each neuron type and, hence, that the acquisition of a neuron-type-specific ciliary morphology is coupled to the acquisition of other identity features of a neuron via terminal selectors ( Figure 4D ).
In conclusion, we have identified here a novel protein that is instructive for the extent of cilia membrane growth and elaboration of distinct types of amphid wing olfactory neurons. One precedent for a dosage-dependent neuronal membrane branching phenomenon has been described in Drosophila, but in this case the branching concerns dendrites, not cilia, and the instructive, dosage-sensitive cue is a regulatory factor, the homeobox gene Cut [16] , and not a structural protein. Even though oig-8 is not only required but also sufficient to induce cilia membrane growth and/or branching, there is clearly a cellular context dependency in the shapes of membrane growth and elaborations that are driven by OIG-8. We suspect that additional, as yet uncharacterized proteins assist OIG-8 in this function; this factor(s) may also explain why OIG-8 is expressed in other sensory neurons (such as the AFD or BAG neurons) but displays no discernable cilia phenotype in these neurons (Figures S2G and S2H) . OIG-8 may also have functions unrelated to cilia biogenesis, as indicated by expression and localization in the multidendritic PVD and FLP neurons, where OIG-8 is localized on both axonal and dendritic membranes. These neurons display no obviously discernable defects in oig-8 mutants. The molecular mechanisms by which OIG-8 controls cilia morphology remain unclear, but given its apparent cell-surface localization and the presence of an Ig domain it appears most likely that OIG-8 interacts with another cell-surface cue to trigger cilia membrane growth and elaborations. Sensory neurons display cell-type-specific branching patterns of their sensory cilia throughout the animal kingdom [1, 22] , and future work will show whether similar factors may also operate in these contexts.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: dependent on the transmembrane domain of OIG-8 because cilia appear wild-type in animals overexpressing the transgene with the transmembrane domain deleted (otEx6796, otEx6797). These overexpression defects are also cell autonomous because cilia in AWC appear wild-type in animals overexpressing oig-8 in neighboring amphid wing neuron AWB (under the str-1 promoter, otEx6830, otEx6821). (B) Overexpression of oig-8 in AWB causes ectopic branching of cilia. In two independent lines (otEx6830, otEx6821), driving oig-8 specifically in AWB (under the str-1 promoter) causes the cilia to adopt a more ''AWA-like'' morphology (a more branch-like morphology) (assessed by str-1 prom ::gfp, kyIs104). In a small percentage of animals, the AWB dendrite becomes detached from the tip of the nose. These overexpression defects are dependent on the transmembrane domain of OIG-8 because cilia appear wild-type in animals overexpressing the transgene with the transmembrane domain deleted (otEx6818, otEx6819). These overexpression defects are also cell autonomous because cilia in AWB appear wild-type in animals overexpressing oig-8 in neighboring amphid wing neuron AWC (under the ceh-36 promoter, otEx6820, otEx6817). ::gfp (otIs392) used to identify neuron type. smFISH detects the highest levels of oig-8 in AWA (identity confirmed with odr-10 prom ::gfp, kyIs37) ( Figure S4 ), followed by AWC (identity confirmed with eat-4 prom6 ::gfp) (left panels). Few puncta were detected in AWB (identify confirmed with str-1 prom ::gfp, kyIs104) ( Figure S4 ). AWA always contained more puncta than AWC, which always contained more puncta than AWB (n = 21). Probe specificity was demonstrated by smFISH in oig-8 mutants, which did not detect puncta in any of the neurons scored ( Figure S4 ). 87% of AWA neurons in odr-7 mutants contained fewer puncta compared to AWA neurons in wild-type animals (red outline; n = 15). 100% of AWB neurons in sox-2(ky707) have more puncta compared to AWB neurons in wild-type animals (red outline; n = 17). 100% of AWB neurons in lim-4 mutants contained more puncta compared to AWB neurons in wild-type animals (red outline; n = 20). AWB neurons in lim-4 mutants also express eat -4 prom6 ::gfp. Quantification of these results is shown in Figure S4 . (B) Loss of odr-7 results in ectopic str-2::gfp expression (from kyIs140) in AWA and a less elaborate cilia morphology. Instead of having tree-like branches (see wild-type in Figure 2B ), AWA in odr-7 resembles either a hook-like structure (top) or a more AWB-like structure with bifurcated cilia (bottom 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
C.elegans strains were handled and maintained as previously described [34] . Worms were grown at 20 C on nematode growth media (NGM) plates seeded with bacteria (E.coli OP50) as a food source. All animals scored were L4 hermaphrodites with the following exceptions: For Figure 2D , hermaphrodite dauer animals were used and for Figure 4C and Figures S2D-S2F , hermaphrodite L1 animals were used. 
Generation of other oig family constructs
The oig-2 1kbprom ::gfp construct (pKH104) was generated by cloning the 1 kb oig-2 promoter into the HindIII and PstI sties of the MCS of a 2XNLSGFP plasmid. This construct was injected at 50ng/ml with rol-6(su1006) at 20ng/ml and pBlueScript at 30ng/ml. The translational oig-2 fosmid ::Cgfp construct was generated by fosmid recombineering using the fosmid WRM0625bF01 and a gfp cassette pBALU25. This cassette was recombineered and inserted into the oig-2 fosmid immediately before the stop codon. This translational reporter was digested with NotI and injected at 10ng/ml with ttx-3 prom ::mCherry at 3ng/ml and sonicated OP50 genomic DNA at 120ng/ml.
The oig-3 2.5kbprom ::gfp (pKH112) construct was generated by cloning the 2.5 kb oig-3 promoter into the BamHI and SalI sties of the MCS of a 2XNLSGFP plasmid. This construct was injected at 50ng/ml with rol-6(su1006) at 20ng/ml and pBlueScript at 30ng/ml.
The translational oig-3 fosmid ::Cgfp construct was generated by fosmid recombineering using the fosmid WRM0618dB12 and a gfp cassette pBALU25. This cassette was recombineered and inserted into the oig-3 fosmid immediately before the stop codon. This translational reporter was digested with NotI and injected at 10ng/ml with ttx-3 prom ::mCherry at 3ng/ml and sonicated OP50 genomic DNA at 120ng/ml.
Characterization of oig-8 mutant cilia defects For AWC (Figure 2A) , oig-8 mutant cilia defects were binned into 4 classes: 1) cilia with large membranous wing shape (wild-type AWC cilia) 2) bifurcated cilia with no membranous structure 3) partial membranous wing shape cilia 4) hook-like cilia with no bifurcation or membranous structure. For AWA (Figure 2B ), oig-8 mutant cilia defects were binned into 3 classes: tree-like cilium with branches (wild-type AWC cilia) 2) cilia with no branches 3) hook-like cilia. For AWB (Figure 2C ), the two braches of each AWB cilia were measured from branch-point. For AWC in dauer ( Figure 2D ), cilia were scored as wild-type if the left and right AWC cilia overlapped; in oig-8 mutants, the left and right AWC never overlapped and instead appeared as rod-like structures. Amphid sheath cells ( Figure 2D ) were scored as wild-type if they consisted of a thick process that extended anteriorly to expand into a large sheet.
Single molecule fluorescent in situ hybridization (smFISH) smFISH was done as previously described [38] . Briefly, L4 larvae were washed off NGM plates in M9 into a 15mL conical centrifuge tube. Worms were subsequently washed 3 times in M9. 1mL of fixation buffer (4% PFA) was added to the worm pellet and the mix was transferred to microcentrifuge tube and incubated for 45min at room temperature. Fixed worms were washed twice with PBS, resuspended in 70% ethanol, and incubated overnight at 4 C. The fixed sample was centrifuged and incubated with wash buffer for 5 min. After wash buffer was removed, hybridization buffer containing the oig-8 probe (designed using the Stellaris RNA FISH probe, conjugated to Quasar 670, from Bosearch Technologies) was added to the sample. The sample was incubated overnight at 37 C. The sample was subsequently washed once with wash buffer and then incubated again with wash buffer for 30 min at 37 C protected from light. The sample was then incubated with wash buffer with DAPI for 30 min at 37 C protected from light. The sample was spun down and resupsended in 1ml 2X SSC and then spun down and resuspended in GLOX buffer for 2 min. The sample was then resuspened in the GLOX buffer to which the glucose oxidase and catalase were added. The sample was then mounted and imaged by microscopy. 
QUANTIFICATION AND STATISTICAL ANALYSIS
For all experiments, animals were scored on the same day as wild-type controls, under the same conditions. In Figure 2C and Figure S4C , a t test was used to determine if there was a statistically significant difference between mutant and wild-type animals. In Figure S3B , a t test was used to determine if there was a statistically significant difference between mutants and animals with a rescue array.
